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Histone posttranslational modifications control eu-
karyotic gene expression and regulate many biolog-
ical processes including immunity. Pathogens alter
host epigenetic control to aid pathogenesis. We
find that the intracellular bacterial pathogen
Legionella pneumophila uses a Dot/Icm type IV
secreted effector, RomA, to uniquely modify the
host chromatin landscape. RomA, a SET domain-
containing methyltransferase, trimethylates K14 of
histone H3, a histone mark not previously described
in mammals. RomA localizes to the infected cell
nucleus where it promotes a burst of H3K14 methyl-
ation and consequently decreases H3K14 acetyla-
tion, an activating histone mark, to repress host
gene expression. ChIP-seq analysis identified 4,870
H3K14 methylated promoter regions, including
innate immune genes. Significantly reduced replica-
tion of a RomA-deleted strain in host cells was
trans-complemented by wild-type, but not by
catalytically inactive, RomA. Thus, a secreted
L. pneumophila effector targets the host cell nucleus
and modifies histones to repress gene expression
and promote efficient intracellular replication.
INTRODUCTION
Chromatin can respond to external cues to regulate the many
transcriptional programs of DNA. A key aspect of chromatin
that is central to its epigenetic regulatory role is the modification
of histones. There is an ever-growing list of histone modifica-
tions, and the complexity of their actions is just beginning to
be understood. However, it is clear that histone modifications
play fundamental roles in most biological processes that are
involved in the manipulation and expression of DNA (Strahl and
Allis, 2000). They regulate transcription, DNA repair, or replica-
tion either by imposing global changes on chromatin structure
or by serving as docking sites for factors controlling those pro-Cell Hcesses (Margueron and Reinberg, 2010). Most of these modifi-
cations are highly dynamic and can be established or removed
by defined histone-modifying enzymes (Bannister and Kouzar-
ides, 2011), sometimes in response to environmental signals
that activate intracellular pathways. These changes include
phosphorylation, acetylation, methylation, and ubiquitination;
they occur mostly on the N-terminal tails but also on some resi-
dues of the globular domain of histones. Signals arising from the
extracellular and intracellular milieu can dynamically change the
epigenetic status of promoters (Bannister and Kouzarides,
2011). Induction of histone modifications and chromatin remod-
eling by pathogens to exploit host cell functions for survival and
replication inside cells is an underappreciated but emerging
topic in cell biology.
L. pneumophila is a Gram-negative bacterium that can cause a
severe form of pneumonia called Legionnaires’ disease.
L. pneumophila has coevolved with eukaryotic cells like aquatic
amoeba. This intimate relationship has led to a sophisticated
spatial and temporal fine tuning of host pathogen interactions
and allowed L. pneumophila to evolve an amazing capacity
to exploit a large array of host cell functions for intracellular repli-
cation and survival (Hubber and Roy, 2010). This is reflected
in the very high number of different posttranslational modifica-
tions Legionella is able to induce in specific host proteins, such
as ubiquitination, phosphorylation, lipidation, glycosylation,
AMPylation, deAMPylation, phosphocholination and dephos-
phorylcholination, thereby modulating multiple host pathways
to its advantage (Rolando and Buchrieser, 2012). Another wit-
ness of the long-lasting coevolution and adaptation of
L. pneumophila to its hosts is the presence of a large number
and wide variety of eukaryotic-like proteins. These resemble eu-
karyotic proteins or encode eukaryotic domains and were iden-
tified during genome sequence analyses of the L. pneumophila
strains Paris and Lens (Cazalet et al., 2004). Survival in the
host cell and remodeling of the Legionella-containing vacuole
(LCV) to replicate intracellularly is achieved by the translocation
of over 270 proteins into the host cell via the Dot/Icm type IV
secretion system (T4SS). Interestingly, at least 75 of these are
eukaryotic-like proteins or carry eukaryotic domains; for some,
it has also been shown experimentally that they interfere with
host cell signaling pathways as predicted from the genome ana-
lyses (Nora et al., 2009). Among those, we identified one proteinost & Microbe 13, 395–405, April 17, 2013 ª2013 Elsevier Inc. 395
Figure 1. Lpp1683 Is a Methyltransferase
that Targets Histone H3
(A) Schematic representation of Lpp1683. Eukary-
otic SET domain (blue) and sequence alignment of
the Lpp1683 SET domain with representative eu-
karyotic SET domains (Saccharomyces cervisiae,
ScSet2 (P46995); Homo sapiens, HsSu[Var]3-9H1
[NP_003164]; Neurospora crassa, NcDim-5
[AAL35215]; Homo sapiens, HsSET7 [P_040150]).
(B) In vitro histone methyltransferase (HMTase) ac-
tivity of Lpp1683 using calf thymus histones (CTH)
as substrate. Increasing amounts of recombinant
GST-Lpp1683 (0.1, 1, and 10 mg) in the presence of
10mg ofCTHand200nCi of [14C]SAMas substrate.
(C) In vitro HTMase activity of Lpp1683 (200 ng)
using recombinant WT octamers, or octamers in
which the N-terminal tails of H2A/H2B, H3/H4, or
all tails were deleted, as substrates.
(D) In vitro HMTase activity of endogenous
Lpp1683 from WT L. pneumophila with an empty
vector or pmyc-lpp1683. HMTase assay was
performed with the myc-IP proteins using [14C]-
SAM as substrate.
(E) Active site of the Lpp1683-SET domain. Con-
served residues implicated in themethyltransferase
activity are underlined. R207 and N210 correspond
to eukaryotic His and Asn, which are linchpins for
the active site. R207 is the ligand for NεLys, N210
binds the Ado/Met donor, and Y249 confers the
enzymatic activity. *: mutated amino acids.
(F) In vitro HMTase activity of WT Lpp1683 and the
catalytic inactive mutants using H3 protein as
substrate. CBB: Coomassie blue. See also Fig-
ure S1 and Table S1.
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Legionella pneumophila Induces H3K14me in the Hostencoded by the gene lpp1683 that contains a eukaryotic SET
domain. The SET domain, originally identified in threeDrosophila
genes (Rea et al., 2000), catalyzes lysinemethylation by transfer-
ring a methyl group(s) to the ε amino group of lysines (Qian and
Zhou, 2006). Histone modifications are regarded as an indis-
pensable phenomenon in epigenetics. Among these modifica-
tions, lysine methylation is of the greatest complexity and impor-
tance, exerting a plethora of effects in chromatin structure and
gene transcription. Recently it has been shown that viruses or
bacteria encode SET domain proteins that may target cellular
proteins to aid pathogen replication (Manzur et al., 2003; Pennini
et al., 2010). However, it has never been investigated whether
L. pneumophila secretes effectors that modify the cellular
response by directly acting at the chromatin level. We report
that a SET domain protein of L. pneumophila acts in the host
cell and complements the large panel of posttranslational mod-
ifications of histones tomodify the host chromatin structure, thus
improving its intracellular replication through downregulation of
the host gene expression.396 Cell Host & Microbe 13, 395–405, April 17, 2013 ª2013 Elsevier Inc.RESULTS
The Type IV Secreted Effector
RomA Methylates Histone H3
through its SET Domain
The L. pneumophila strain Paris encodes
a 532 amino acid (aa) protein, encodedby gene lpp1683, that contains a eukaryotic SET domain
conserved in all L. pneumophila strains sequenced to date (Fig-
ure 1A and Table S1). Fluorescent-based translocation assays
showed that this protein is translocated in a Dot/Icm-dependent
manner into the host cell (de Felipe et al., 2008). Several lines of
evidence indicate that the L. pneumophila SET domain protein is
a genuine methyltransferase: the N- and the C-terminal parts of
the L. pneumophila SET domain and that of eukaryotic SET
domain methyltransferases are highly conserved, including the
GxG motif involved in S-adenosyl methionine (SAM) binding
and the conserved tyrosine involved in the enzymatic activity
of eukaryotic SET domain proteins (Trievel et al., 2002) (Fig-
ure 1A). Furthermore, a BLASTp search for homologs of the
Lpp1683 SET domain in the NCBI database identified SET pro-
teins from diverse eukaryotic organisms as first hits but not bac-
terial ones suggesting that the L. pneumophila SET protein is
closer to the eukaryotic homologs (Figure S1A). To determine
whether Lpp1683 is indeed an active methyltransferase, we ex-
pressed and purified the full-length protein in Escherichia coli
Cell Host & Microbe
Legionella pneumophila Induces H3K14me in the Hostand performed in vitro histone methyltransferase (HMTase) as-
says. Glutathione S-transferase (GST)-Lpp1683 was incubated
in the presence of calf thymus core histones (CTH) or recombi-
nant histones as substrates and [14C]SAM as methyl donor. As
shown in Figure 1B, Lpp1683 catalyzes the transfer of methyl
group from SAM to histones in a dose-dependent manner, with
an apparent preference for histone H3. The activity of the
enzyme can be detected already after 15 min of reaction (Fig-
ure S1B). The substrate specificity for H3 was then confirmed
by performing HMTase assays using individual histones as sub-
strate (Figure S1C). Comparison of the enzymatic activity of
Lpp1683 to that of the mammalian G9a, a very active histone
methyltransferase targeting histone H3 at K9, showed that the
enzymatic activity of Lpp1683 is about 53 higher than that of
G9a (Figure S1D). In order to narrow down the site of methyl-
ation, we performed HMTase assays using octamers assembled
with various combinations of recombinant tailless histones. As
shown in Figure 1C, Lpp1683 activity requires the tail of histone
H3. To confirm that endogenous Lpp1683 possesses the same
enzymatic activity, we constructed an L. pneumophila strain car-
rying the wild-type lpp1683 gene under the control of its own
promoter with an N-terminalmyc tag. The HMTase assay, using
histone H3 as substrate and myc-tagged, immunoprecipitated
Lpp1683 as enzyme, showed that the endogenous protein
indeed has a strong methyltransferase activity (Figure 1D).
Consequently, we named the protein Lpp1683 regulator of
methylation A, RomA.
The C-terminal segment of the SET domain contains the two
most conserved sequences, responsible for the binding to the
ammonium group (Nε) of the substrate lysine, marking the loca-
tion of the active site (Trievel et al., 2002). To confirm that the SET
domain of RomA indeed mediates the enzymatic activity, we
mutated residues expected to be required for the catalytic activ-
ity based on the alignment with similar domains (Figure 1E). As
shown in Figure 1F, the RomA-Y249F mutation severely
impaired, but did not abolish, the methyltransferase activity.
We thus introduced additional substitutions in the conserved
residues R207 and N210, since those residues are also
described as linchpins of the active site. Indeed, in RomA-
Y249F/R207G or RomA-Y249F/R207G/N210A, no methyltrans-
ferase activity was detected (Figure 1F). For simplification, we
refer to the catalytically inactive mutant RomA-Y249F/R207G/
N210A as RomA-CI in further experiments (Figure S1E).
RomA Trimethylates H3K14 on Free Histones and in the
Context of Chromatin
From their synthesis in the cytoplasm, histones are escorted by
chaperones to the nucleus until their deposition on chromatin
(Campos and Reinberg, 2009). Only few posttranslational modi-
fications of histones are detected prior to deposition (Loyola
et al., 2006). To determine at which step RomA is likely to modify
histones, we analyzed its enzymatic activity toward octamers
and oligonucleosomes reconstituted by salt dialysis. This exper-
iment revealed that RomA is equally active on both substrates,
even when limiting amounts of enzyme were present (Figure 2A).
In the same condition, RomA-CI did not display any enzymatic
activity (Figure S2A). This finding suggests that, upon infection
of eukaryotic cells by L. pneumophila, RomA may alter the chro-
matin landscape of host cells.Cell HWe next sought to identify the site(s) of methylation of histone
H3 by RomA. To this end, we subjected histone H3 that had been
methylated by RomA in vitro to tandemmass spectrometry (MS/
MS). The experimental size of histone H3 was 42 Da larger than
the size of the purified protein, which corresponds to the theoret-
ical mass of three methyl groups (Figure S2B). In order to identify
the site(s) of methylation, we performed mass spectrometry
analysis on the in vitro methylated H3 (intact mass top-down
analysis) or on its N-terminal peptide (aa 1–21). Both analyses re-
vealed a mass shift consistent with trimethylation. Unexpect-
edly, the unique site of methylation identified corresponded to
the K14, a residue not previously reported as methylated in
mammals (Figure 2B). In contrast, acetylation of K14 of histone
H3 is a known modification, which, together with S10 phosphor-
ylation and H3K9 acetylation, is reported to be required for tran-
scriptional activation (Karmodiya et al., 2012). To confirm that
H3K14 is the only histone residue targeted by RomA, we
analyzed RomA enzymatic activity on octamers refolded with
histone H3 carrying mutations on all potentially methylated ly-
sines of the N-terminal tail (Figure 2C). We observed an almost
complete decrease of methylation in histone H3 octamers
when K14 was mutated to alanine. Interestingly, RomA enzy-
matic activity appeared to be reduced on octamers carrying a
mutated K4. K4 could be a secondary target for RomA in vitro,
similar to what was observed for K27 and K9 for the HMTase
Ezh2 (Kuzmichev et al., 2002). Alternatively, the sequence sur-
rounding K4 of histone H3 could be important for RomA interac-
tion with histone H3; its mutation would therefore indirectly
impair the enzymatic activity of RomA. To discriminate between
both possibilities, we verified the specificity of K14 targeting by
performing HMTase assays monitored by western blot using
commercial antibodies recognizing either a dimethylated form
of H3K14 (H3K14me2) or two different levels of H3K4 methyl-
ation. Dot blot on peptides recapitulating the different levels of
H3K14 methylation confirmed the specificity of the H3K14me2
antibody toward methylated H3K14 and indicates that this anti-
body recognizes both di- and trimethylated H3K14 (Figure S2C).
As expected, we observed a robust signal for H3K14me2/
H3K14me3, which is abrogated by themutation of K14 to alanine
or when using RomA-CI as enzyme (Figure 2D). Importantly,
when we probed for H3K4me2 or H3K4me3, we could not detect
any H3K4 methylation (Figure 2D) even when the western blot
was overexposed (data not shown). Considering that, despite
our repeated efforts, we never detected H3K4me by MS/MS or
western blot detection, our results strongly suggest that RomA
targets only K14 of histone H3, while K4 could be part of a motif
required for RomA binding to its substrate.
RomA Is Required for Efficient Intracellular Replication
of L. pneumophila
Because of the very specific methyltransferase activity of RomA
against histone H3, we investigated its role in vivo. To assess a
possible impact on intracellular replication of L. pneumophila in
mammalian and protozoan cells, we constructed an isogenic
lpp1683 deletion mutant (Dlpp1683). We infected Acantha-
moeba castellanii cells, a natural protozoan host of
L. pneumophila, as well as human cell lines like the lung epithelial
cells (A549) and monocytes differentiated into macrophages
(THP-1) with the wild-type (WT) and the Dlpp1683 mutant. In allost & Microbe 13, 395–405, April 17, 2013 ª2013 Elsevier Inc. 397
Figure 2. RomA Targets H3K14 and Shows
Methyltransferase Activity against Histone
H3 in Octamer and Nucleosome Form
(A) In vitro HMTase activity using increasing
amounts of RomA and 1 mg of recombinant oc-
tamers or oligonucleosomes.
(B) MS/MS spectra of the methylated H3 protein
(top down) and fragments upon electron transfer
dissociation fragmentation. Fragments of the
methylated H3 have a mass shift of 42 starting at
C14, indicating a modification site at the K14 at the
N terminus of the peptide. Normalized collision
energy = 35%, activation Q = 0.250, activation
time = 100 ms, accumulation time = 5 min.
(C) HMTase activity of RomA (200 ng) toward 1 mg
of recombinant octamers containing WT H3 or
carrying mutations of the indicated residues to
alanine.
(D) In vitro cold HMTase assay using 200 ng of
RomA or RomA-CI and 1 mg of WT or H3K14A
octamers. H3K4me2 and H3K4me3 antibodies
show specificity of K14 targeting. Positive control:
native nucleosomes (Native Nuc); CBB, coo-
massie blue. See also Figure S2.
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Legionella pneumophila Induces H3K14me in the Hosteukaryotic cells tested, bacterial replication of Dlpp1683 was
significantly affected as compared to the WT strain (Figures
3A, 3B, and S3A). In contrast, the mutant strain did not show
any growth difference in liquid medium as compared to the WT
strain (data not shown). To show that the growth defect was
due to the deletion of lpp1683, we constructed a plasmid car-
rying the full-length lpp1683 gene and its own promoter (pBC-
KS-lpp1683) and introduced it into the Dlpp1683 strain. Trans-
complementation of Dlpp1683 with pBC-KS-lpp1683 restored
the ability of L. pneumophila to infect eukaryotic cells (Figures
3C, 3D, and S3B). In contrast, a Dlpp1683 strain trans-comple-
mented with the catalytic inactive form, Lpp1683-CI, failed to
reverse themutant phenotype in infected THP-1 cells (Figure 3D).
Thus, RomA contributes to L. pneumophila virulence dependent
on the methyltransferase activity encoded by the SET domain.
RomA Is a Nuclear Protein Triggering a Burst of
H3K14me3 Following Infection
To determine whether RomA also conserved its activity in vivo,
we determined its cellular localization. Because of very low levels
of protein secreted into the host cell, wewere not able to detect it398 Cell Host & Microbe 13, 395–405, April 17, 2013 ª2013 Elsevier Inc.during infection (as is also shown for other
Dot/Icm effectors) (Conover et al., 2003;
Kubori et al., 2008). We thus transfected
A549 cells with a myc-tagged form of
RomA. As shown in Figure 4A, RomA
clearly localizes to the nucleus of trans-
fected A549 cells, in contrast to the
typical cytosolic localization of the green
fluorescent protein (GFP). To further
confirm the cellular localization of
RomA, we analyzed cytoplasmic and nu-
clear fractions of transfected cells. West-
ern blot analysis of these cellular fractions
showed that RomA was predominantlypresent in the nucleus and, in particular, in the nuclear insoluble
fraction (chromatin associated fraction, cp) (Figure S4A). Using
the NLStradamusmethod (Nguyen Ba et al., 2009), we predicted
a nuclear localization signal (NLS) in the N-terminal part of RomA,
located between the amino acids 56 and 82. In agreement, dele-
tion of the N-terminal part of themyc-tagged protein (288 bp/96
aa) (Figure S1E) altered the cellular distribution of RomA, leading
to a predominant cytosolic localization (Figure 4A). Thus, the
subcellular localization of RomA is compatible with its in vitro
characterized substrate specificity.
To analyze whether methylation of H3K14 occurred in vivo, we
infected THP-1 cells with the WT or the Dlpp1683 mutant and
harvested the cells at different time points after infection. Immu-
noblot analyses using H3K14me2/H3K14me3 antibody on total
cell extracts showed that the WT strain, but not the Dlpp1683
mutant strain, indeed induces a strong methylation of H3K14
starting 4 hr after infection (Figure 4B). To ascertain the in vivo
specificity of the H3K14me2 antibody, we performed competi-
tion assays with the cognate peptide (K14me2), the unmethy-
lated H3, and the H3K27me3 peptide. Indeed, a very strong
competition between the H3K14me2 antibody and the K14me2
Figure 3. RomA Promotes Intracellular
Replication
(A and B) Intracellular replication in A. castellanii
(moi = 0.1) (A) and THP-1 cells (moi = 10) (B) of WT
L. pneumophila and the Dlpp1683 mutant was
determined by recording the number of colony-
forming units (cfu) through plating on buffered
charcoal yeast extract (BCYE) agar (log10 ratio
cfu/t0, n = 3).
(C and D) Complementation analysis after infec-
tion of A. castellanii at moi = 1 (C) and THP-1 cells
at moi = 10 (D) with the WT and Dlpp1683 mutant
carrying the empty vector pBC-KS (black and
blue, respectively), Dlpp1683 carrying the com-
plementing plasmid pBC-KS-lpp1683 (light blue),
or Dlpp1683 carrying a catalytic inactive (CI) gene
(gray) (log10 ratio cfu/t0, n = 3). Data are repre-
sented as mean ± SEM. See also Figure S3.
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Legionella pneumophila Induces H3K14me in the Hostpeptide was observed, confirming its specificity (Figure S4B).
The same results were obtained for infection of A. castellanii,
where the WT, but not the mutant strain, induced H3K14
methylation (Figure S4C). These results demonstrate that the
L. pneumophila RomA effector methylates K14 of histone H3
in vivo during infection of human macrophages and amoeba.
H3K14me2/H3K14me3 was also observed by microscopy
following infection of THP-1 cells with L. pneumophila WT,
but not with the Dlpp1683 mutant (Figures 4C and S4D). In
parallel, the loss of the enzymatic activity of strains used for
trans-complementation assays was confirmed by confocal
microscopy of infected cells using H3K14me2 antibodies (Fig-
ure S5A). The capacity to methylate histone H3 seems to be a
general feature of L. pneumophila, as cells infected with the
L. pneumophila strains Lens and Philadelphia, which each carry
a Lpp1683 homolog, displayed a strong H3K14 methylation
signal. In contrast, Legionella longbeachae strain NSW150,
which does not encode a SET domain protein, failed tomethylate
H3K14 (Figure S5B). Importantly, the H3K14me2/H3K14me3
signal is not uniformly distributed in the nucleus but is enriched
in foci colocalizing with the DAPI-dense heterochromatic regions
(Figure 4D). This localization is reminiscent of the distribution
pattern seen for H3K9me3, an established mark for transcrip-
tional repression (Fuks, 2005; Wong et al., 2011), suggesting
that H3K14 methylation could be associated with silent genes.
H3K14 Methylation Is a Marker for Transcriptional
Repression
H3K14 is known to be acetylated; this mark, along with H3K9
acetylation and H3K4me3, is tightly associated with active tran-
scription (Karmodiya et al., 2012). Considering that H3K14
methylation could compete with the acetylation, we hypothe-
sized that this mark is more likely to be involved in transcriptional
repression. This hypothesis is supported by the colocalization of
H3K14me2/H3K14me3 and DAPI (Figure 4D). To address this
question, we generated a model cell line allowing artificialCell Host & Microbe 13, 395–4tethering of RomA to a transgene (Fig-
ure 5A) and monitoring the consequence
of its recruitment in terms of transcription
(luciferase activity) and chromatin modifi-cations (chromatin immunoprecipitation [ChIP]). Briefly, we
generated T-REx 293 cells containing the luciferase reporter
gene under the control of fiveGAL4DNA-binding sites (upstream
activating sequence [UAS]) downstream of the minimal tk pro-
moter. In this cell line, we inserted a plasmid expressing wild-
type RomA or the catalytic inactive mutant (RomA-CI) fused to
the GAL4 DNA-binding domain (DBD), which is inducible by
doxycycline, and verified that the proteins are produced in
similar amounts (Figure S5C). Measurement of the luciferase
activity on the GAL4 promoter after addition of doxycycline
showed that RomA repressed gene expression significantly,
whereas RomA-CI was defective in regulating transcription, sug-
gesting that transcriptional repression is due to the methyltrans-
ferase activity of RomA (Figure 5B). Interestingly, whereas RomA
is not detectable in the absence of doxycycline by western blot,
our first ChIP experiments revealed a substantial enrichment for
H3K14me at the luciferase reporter (data not shown). Accord-
ingly, when we analyzed H3K14me2/H3K14me3 in these cells
by western blot, a strong signal was observed even in nonin-
duced conditions (Figure S5D).We thus performedChIP analysis
of the luciferase promoter, after doxycyclin induction, by
comparing clones expressing RomA or RomA-CI. Notably, non-
transfected T-REx 293/luciferase and cells expressing RomA-CI
behave essentially the same (data not shown). Figure 5C shows
that the artificial recruitment of RomA at the luciferase reporter
resulted in increased H3K14me levels while H3K14ac levels
were decreased. Despite being fused to the GAL4 binding
domain, RomA may target endogenous genes, as illustrated
by the strong enrichment for H3K14me2/H3K14me3 at the
Syn1 promoter (Figure 5D). Consistent with our hypothesis that
RomA mediates transcriptional repression, Syn1 messenger
RNA (mRNA) accumulation is reduced in the cells expressing
RomA (Figure 5E). We anticipate that such a regulation occurs
widely in the genome since the decreased H3K14 acetylation
upon expression of RomA was detected at the global level by
western blot and confocal microscopy (Figures 5F and S5D).05, April 17, 2013 ª2013 Elsevier Inc. 399
Figure 4. RomA Is a Nuclear Effector
(A) Immunofluorescence analysis of the subcellu-
lar location of RomA. A549 cells transfected with
myc-RomA, myc-RomA deleted for its NLS
(DNLS), or GFP was fixed and stained. One
representative experiment is shown (n = 3).myc or
GFP, green; DAPI, light blue; phalloidin, red. Scale
bars = 10 mm. Immunosignals were quantified, and
a cytosol localization score (compared to the
phalloidin signal) was calculated: GFP (1), myc-
RomA (0.25), and myc-RomA-DNLS (1.05).
(B) Immunoblot analyzing the endogenous levels
of H3K14me2 in THP-1 cells infected with WT or
the Dlpp1683 mutant. A representative experi-
ment is shown (n > 3). Loading control: total H3,
Rho-GDI, and b-actin.
(C) Immunofluorescence analysis of THP-1 cells
infected with the DsRed WT or lppD1683 mutant.
WT-infected or uninfected cells are encircled by a
green or white dashed line, respectively.
H3K14me2, green; DAPI, light blue; phalloidin,
gray. Scale bars = 10 mm. Quantification is re-
ported in Figure S5D.
(D) H3K14me2 is enriched at pericentric hetero-
chromatin in infected THP-1 cells. Cells were
stained with H3K14me2 antibodies (green) and
analyzed by confocal microscopy. Shown are Z
slides of 0.1 mm. DAPI-dense foci represent
pericentric heterochromatin where H3K14me2/
H3K14me3 is strongly enriched. WT
L. pneumophila (red). Scale bars = 10 mm. See
also Figure S4.
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Legionella pneumophila Induces H3K14me in the HostT-REx 293 carrying either the WT or the mutant allele were
mixed, and doxycycline was added to induce the RomA expres-
sion. Then, both H3K14me2 and H3K14ac antibodies were used
to determine the acetylation and methylation state of the cell
nuclei. We also verified that the stable clone carrying RomA-CI
does not induce H3K14 methylation after doxycycline induction
(Figure S5E). Thus, histone H3 is acetylated at K14 in the RomA-
CI-expressing cells (red fluorescent cells) and methylated in the
RomA-expressing cells (green fluorescent cells), further indi-
cating that methylation of H3 at K14 is indeed abolishing its
acetylation (Figures 5F and S4E).
RomA-Mediated H3K14 Methylation Occurs
Genome Wide
To further characterize the impact of the H3K14me3 mark
induced during L. pneumophila infection, we undertook
genome-wide location analyses in L. pneumophila-infected
THP-1 cells using chromatin immunoprecipitation followed
by sequencing (ChIP-seq). Infections were performed with the
WT and the Dlpp1683 mutant. The sequence reads selected
for H3K14me immunoprecipitated DNA in WT and mutant
conditions (64 584 076 and 64 467 620, respectively) were400 Cell Host & Microbe 13, 395–405, April 17, 2013 ª2013 Elsevier Inc.mapped to the human genome (Hg19).
Subsequently, the fold enrichment of
WT relative to the mutant condition was
calculated using MACS (model-based
analysis of ChIP-seq; Zhang et al.,
2008). This allowed us to identify 22,902significant broad peaks (p value < 1 3 105, FDR < 0.05). Since
H3K14ac histone is well known as an active mark of ongoing
transcription at the transcription start sites (TSSs) (Karmodiya
et al., 2012), we analyzed the density of H3K14me enriched
peaks relative to TSSs. This analysis identified in the WT over
4,870 significantly enriched binding sites at TSSs specific for
H3K14me, as compared to the Dlpp1683 mutant. Furthermore,
we observed, similar to the results obtained for the H3K14ac
mark (Karmodiya et al., 2012), a characteristic bimodal distribu-
tion upstream and downstream of the TSSs (±5 kb) (Figure 6A).
Thus, RomA-induced H3K14 methylation has a main impact on
the genome of the host cell. This is also seen by immunofluores-
cence and immunoblot analyses (Figures 5F and S5D). Gene
ontology (GO) analyses showed that the identified promoter
regions belong to genes implicated in diverse signaling path-
ways. After filtering for genes with overlapping promoter regions,
we obtained 3,470 unique gene identifiers, 2,968 of which
we correctly mapped in DAVID (Database for Annotation, Visual-
ization, and Integrated Discovery) (Huang et al., 2009). Cluster-
ing of functional annotations with high stringency revealed
222 clusters, 39 of which were statistically significant with a
fold enrichment of 1.3 to 4.77 (Table S2). Most interestingly,
Figure 5. H3K14Methylation Leads to Tran-
scriptional Repression
(A) Luciferase reporter assay in T-REx 293 cells
stably expressing the GAL4 DNA-binding domain
fused to RomA or RomA-CI. Genes are under the
control of the human cytomegalovirus (CMV) im-
mediate-early promoter responsive to doxycy-
cline (dox) regulation. RomA effects on chromatin
organization were observed at a stably integrated
luciferase reporter construct that contains five
proximal upstream activator binding sequences
(UAS) for GAL4 binding.
(B) GAL4-RomA represses transcription. Lucif-
erase activity was measured 48 hr after dox in-
duction of RomA or RomA-CI. Values were
normalized to the amount of protein of two inde-
pendent experiments in triplicates (*p < 0.001).
(C) ChIP experiments in RomA and RomA-CI
clones after 48 hr dox induction. H3K14ac and
H3K14me enrichment was analyzed at the lucif-
erase transgene by qPCR (normalized as percent
of input). (n = 3; *p < 0.001; **p < 0.05).
(D) Same as (C), but DNA enrichment was
analyzed at the endogenous Syn1 promoter (*p <
0.001).
(E) RomA represses gene transcription. T-REx 293
cells expressing RomA or RomA-CI were dox-
induced for 48 hr. RNA was extracted, and tran-
script levels of the Syn1 gene were assessed by
RT-qPCR. Results are expressed as fold variation
between CI and WT conditions and normalized to
those of GAPDH. Mean values of n = 3 ± SD (p =
0.02).
(F) Immunofluorescence analysis of a mixture of
dox-induced RomA and RomA-CI-expressing
cells. DAPI (light blue), phalloidin (gray),
H3K14me2 (green), and H3K14ac (red). Scale
bars = 10 mm. Data are represented as mean ±
SD. See also Figure S5.
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cellular processes like cell death, kinase activity, or gene expres-
sion. In particular, regulation of immune system processes
showed a 4.53 enrichment score. In fact, a number of genes
related to the innate immune response, like those coding for
the cytokines IL-6 and TNFa, for the chemokines CXCL1 and
CXCL2 or TLR5 and the NOD-like receptor Nalp3 were among
these. To confirm peak identification, a subset of selected loci
was validated by ChIP followed by quantitative PCR in infectedCell Host & Microbe 13, 395–4cells. The enrichment of the H3K14me
marks was analyzed in infected THP-1
cells at the indicated promoter regions.
Importantly, although the relative enrich-
ment for H3K14 after infection with the
WT or Dlpp1683 strains might appear
modest, one should keep in mind that
only a small proportion of the cells are in-
fected. Indeed, we detected in all
selected promoter regions, comprising
the Syn1 promoter that was used as pos-
itive control, an increase of the H3K14me
mark in cells infected with WT ascompared to the mutant strain (Figure 6B). Furthermore, the in-
crease in H3K14me level was associated with a decrease in
H3K14Ac at the promoters tested (Figure 6C). Subsequently,
the genes Syn1 and CSK, as well as two infection related genes
(TLR5 and IL-6), were chosen for further expression analyses.
Indeed, an increase of the relative mRNA was observed in
Dlpp1683-infected cells, compared to WT-infected cells (Fig-
ure 6D), confirming that H3K14 methylation leads to transcrip-
tional repression.05, April 17, 2013 ª2013 Elsevier Inc. 401
Figure 6. Analysis of the H3K14me Mark in
L. pneumophila-Infected Cells
Chromatin of THP-1 cells infected 10 hr with the
WT or the D1683 mutant was prepared, and
H3K14me ChIP was performed (A) The profile of
the location of H3K14me marks around the tran-
scriptional start sites shows bimodal distribution.
Average profile (±5000 bp from TSSs) of 4,870
promoter regions selected for significant differ-
ences between THP-1 cells infected with WT
(black line) or Dlpp1683 mutant (blue line).
(B) H3K14me patterns at selected promoters were
analyzed by qPCR on the immunoprecipitated
chromatin. H3K14me IP was performed with WT
and Dlpp1683-infected cells, and modifications
were quantified at selected promoters.
(C) H3K14me and H3K14Ac modification patterns
at selected promoters were analyzed by qPCR on
the immunoprecipitated chromatin. H3K14me and
H3K14Ac IP was performed onWT andDlpp1683-
infected cells, and modifications were quantified
at the Syn1 and CSK promoters. Changes ex-
pressedwith respect to input chromatin (n = 4; *p <
0.001; **p < 0.05).
(D) Relative mRNA expression for selected genes
in WT and Dlpp1683-infected, compared to unin-
fected (NI), cells. Transcript levels were assessed
by RT-qPCR and normalized to those of GAPDH.
Mean values of n = 3; **p < 0.05 compared to NI.
Data are represented as mean ± SD. See also
Table S2.
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In this study we report a unique epigenetic modification, trime-
thylation of histone H3 at K14 (H3K14me3) and describe that a
secreted effector of L. pneumophila targets the host cell nu-
cleus to exploit a histone modification for promoting efficient
intracellular replication. More specifically, we show that the
Dot/Icm type IV effector RomA of L. pneumophila encodes a
typical eukaryotic SET domain that functions as a potent his-
tone methyltransferase. First, RomA methylates histone H3
in vitro in octamer and nucleosome form. Second, base substi-
tution mutations in the predicted active site of RomA abolish
RomA-mediated methylation of histone H3. Third, RomA carries
an N-terminal nuclear localization signal that targets it to the
host cell nucleus. Fourth, mass spectrometry analysis iden-
tified K14 at histone H3 as the target residue for three methyl
groups. Finally, methylation of histone H3 also occurs in vivo
during infection of protozoan and human host cells with
L. pneumophila, but not with the catalytic inactive mutant
(RomA-CI) or L. longbeachae, which does not encode an ortho-
log of RomA or a protein carrying a SET domain. This result
adds important information to our knowledge on epigenetic
regulations, as H3K14 methylation has never been observed
in mammals. Importantly, it has been shown previously that,
in human cells, K14 of histone H3 is acetylated, and this modi-
fication is correlated with active transcription (Cheung et al.,
2000). H3K14 acetylation can either directly modulate chro-
matin accessibility to the transcription machinery (by reducing402 Cell Host & Microbe 13, 395–405, April 17, 2013 ª2013 Elsevierelectrostatic interactions between DNA and histones) or indi-
rectly be recognized by a protein stabilizing this machinery. In
any case, we reasoned that if H3K14me3 occurs at sites
normally acetylated, it will prevent acetylation of this residue
since both marks are mutually exclusive. This hypothesis
was confirmed by immunofluorescence, immunoblotting, and
ChIP-seq analyses, indicating that it happens genome wide.
Furthermore, this switch between acetylation and methylation
clearly correlates with reduced transcriptional activity. It was
reported that mutations of H3K14 resulted in the loss of H3K4
trimethylation, indicating that H3K4me3 and H3K14ac may
work together during transcription (Nakanishi et al., 2008).
Here, we did not observe consistent changes of H3K4 trimethy-
lation levels after L.pneumophila infection or in the luciferase-
inducible system. In contrast, in our in vitro system using
mutated H3 octamers for methylation by RomA, we observed
a correlation between the methylation status of histone H3K4
and K14 residues, with less K14 methylation in a K4A mutant
and little K4 methylation in the absence of the H3K14 target,
suggesting the existence of possible cis-crosstalk between
K4 and K14. Synergetic interplay between different residues
in the same histone tail has been reported previously, leading
to the proposal that combinations of different covalent histone
modifications over a gene determine its functional status (Gard-
ner et al., 2011; Turner, 2002). However, the switch from acet-
ylation to methylation at the same lysine residue induced by a
pathogen seems to be a different mechanism discovered in
this study.Inc.
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L. pneumophila may have from modifying H3K14 acetylation.
ChIP-seq analyses revealed that L. pneumophila targets
4,870 promoters of the host cell, probably inducing a switch
from H3K14 acetylation to methylation. This suggests that
L. pneumophila targets host cell gene transcription genome
wide, most probably leading to downregulation of host genes
implicated in various different signaling pathways. It has been
reported that acetylation of K14 together with methylation of
K9 and phosphorylation of S10 of histone H3 may influence the
promoters of a number of genes involved in immune defense,
including the immunomodulatory cytokine TNFa, the interleukins
IL1b, IL6, and IL8, and several interferon-inducible genes, via the
regulation by histone protein 1 (Sharma et al., 2012). Indeed, GO
analyses of the genes identified by ChIP-seq revealed that the
second most enriched cluster contained genes related to
immune processes (Table S2). Accordingly, the promoters of
TNFa and IL6 are among those targeted by the RomA, in addition
to other innate immunity-related genes like TLR5 or Nalp3. This
suggests that the RomA-induced epigenetic alteration also leads
to a manipulation of the host response associated with innate
immunity. Moreover, the genome-wide downregulation of the
host transcription might be another strategy of L. pneumophila
to slow down the host’s metabolism for its own energy and
nutrient supply and to decrease antibacterial activity to
allow better proliferation. Similarly, it has been reported that
L. pneumophila inhibits protein synthesis via three secreted gly-
cosyltransferases, probably to decrease the defense capacity of
the host cells (Belyi et al., 2006).
A few bacterial pathogens have been shown to induce host
chromatin remodeling as a means to enhance infection of their
hosts (Bierne et al., 2012). For example, NUE (novel nuclear
effector) of the intracellular pathogen Chlamydia trachomatis
was shown to methylate histones H2B, H3 and H4, and itself
in vitro (Pennini et al., 2010). Furthermore, Streptomyces rapa-
mycinicus triggered modifications of fungal histones through
bacterial regulation of specific fungal acetyltransferases (Nu¨tz-
mann et al., 2011). Listeria monocytogenes and Shigella flexeneri
induce gene-specific epigenetic modifications at the promoters
of an essential subset of genes involved in innate immune
response through the action of listeriolysin O or OspF, respec-
tively (Arbibe et al., 2007; Lebreton et al., 2011). Most of
these pathogen-induced chromatin modifications are generated
through activation of host cell signaling cascades by bacterial
components (Bierne et al., 2012). However, none of these
pathogens have been shown to directly modify a histone mark
in vivo. As K14 of histone H3 never has been reported to be
methylated in mammalian cells, L. pneumophila seems to have
evolved a very specific way to induce the host epigenetic land-
scape to its advantage.
Challenging questions to answer will be whether H3K14
methylation does indeed exist in uninfected human cells
but was previously overlooked due to low abundance, or if
L. pneumophila uses an epigenetic mark that is also present in
protozoan hosts for infection of human cells. Alternatively, it
might well be that L. pneumophila, an intracellular pathogen
that has coevolved with eukaryotic cells for millions of years,
has evolved a unique strategy to manipulate the host by
inventing an epigenetic regulation mechanism that does notCell Hexist in human cells. Some evidence that supports this latter
hypothesis comes from the phylogenetic analysis of the SET
domain of RomA. As shown in Figure S1A, twowell-defined clus-
ters, one eukaryotic and the other prokaryotic, exist within the
proteins containing SET domains. This result suggests an inde-
pendent origin of SET domains in bacteria (Alvarez-Venegas
et al., 2007). Interestingly, the L. pneumophila SET domain falls
into neither the eukaryotic nor the prokaryotic clade, but clusters
with a sequence from a fungus, which may indicate horizontal
gene transfer (HGT) of the SET domain from a eukaryotic host.
However, although HGT may have played a role, the position
of Legionella in the tree is probably due to a phenomenon of
long-branch attraction. The RomA SET domain sequence seems
to have undergonemore evolutionary changes and accumulated
many amino acid changes, which prevents its phylogenetic
resolution and suggests that the L. pneumophila SET domain
has acquired a unique function. These data suggest a model
whereby L. pneumophila has acquired a SET domain specific
for H3K4 methylation from one of its protozoan hosts, which
explains why some impact on H3K4 methylation was observed
in our analysis. Later during evolution, this SET domain changed
its specificity for K14 of histone H3, which now allows
L. pneumophila to block its acetylation mark. In conclusion,
this research provides insights into host epigenetic regulation
mechanisms in general, but more importantly, our findings pro-
vide exciting insights regarding the regulatory crosstalk and
fine tuning that bacteria employ to manipulate host cells for their
advantage.
EXPERIMENTAL PROCEDURES
Oligonucleotides, Bacterial Strains, Growth Media, and Culture
Conditions
The oligonucleotides used in this study are listed in Table S3. Legionella
pneumophila strain Paris and its derivatives were cultured in N-(2-acet-
amido)-2-aminoethanesulfonic acid (ACES)-buffered yeast extract broth
or on ACES-buffered charcoal-yeast (BCYE) extract agar (Feeley et al.,
1979), and E. coli was grown in Luria-Bertani (LB) broth and agar. For knock-
out and complementation constructions, antibiotics were added at the
following concentrations: ampicillin at 100 mg/ml and kanamycin at 50 mg/ml
for E. coli, chloramphenicol at 20 mg/ml for E. coli and 5 mg/ml for
L. pneumophila, and gentamycin at 100 mg/ml for E. coli and 12.5 mg/ml for
L. pneumophila. All strains were grown at 37C.
Mutant and Complementation Constructions
The Dlpp1683 mutant was constructed as described previously (Sahr et al.,
2012) (Sahr et al., 2009). The Dlpp1683 mutant was complemented with the
full-length lpp1683 gene with an N-terminal myc-tag under the control of
its own promoter cloned into pBC-KS (Stratagene). DsRed bacteria were
obtained by introducing pSW001 (Mampel et al., 2006). For purification,
Lpp1683 was cloned into pGEX-4T2 (GE Healthcare). For eukaryotic expres-
sion, lpp1683 was cloned into the pRK5-myc (Clontech). Site-directed muta-
genesis was performed using the QuikChange Site-Directed Mutagenesis kit
(Stratagene) to insert the Y249F mutation (primers 99H/99B) and the R207G/
N210A mutation (primers 116H/116B) (Table S3).
Cell Culture and Infection Assay
A. castellanii ATCC50739, human monocyte (THP-1), and human alveolar
epithelial cell lines (A549) were infected as previously described (Lomma
et al., 2010).
Western Blot and Immunofluorescence Analyses
Nuclear isolations were performed with the Nuclear Extract Kit (Active
Motif). Cells were transfected with Lipofectamine (Invitrogen). Immunoblotsost & Microbe 13, 395–405, April 17, 2013 ª2013 Elsevier Inc. 403
Cell Host & Microbe
Legionella pneumophila Induces H3K14me in the Hostwere revealed with a G:BOX system (Syngene). For immunofluorescence
analyses, cells were fixed in 4% paraformaldehyde, permeabilized with
PBS-Triton X-100 0.1%, and stained with DAPI and primary antibodies.
Antibodies used are listed in Table S4. Immunosignals were analyzed with
a Leica SP5 Microscope at 633. Images were processed using ImageJ
software.Protein Purification and Histone Methyltransferase Assays
GST-fusion proteins were expressed in E. coli BL21-DE3 (Stratagene) and
induced with 1 mM IPTG (isopropyl b-D-thiogalactopyranoside). Clarified
supernatants were purified using glutathione agarose beads by affinity chro-
matography (Sigma-Aldrich). The HMTase assay was carried out as described
previously (Pennini et al., 2010).Mass Spectrometry
RomA (4 mg) was added to 1 mg of a synthetic peptide corresponding to
the first 24 amino acids of histone H3.1 (AnaSpec) or 10 mg of histone
3.1 (Cell Signaling Technology), and the HMTase reaction was performed
for 1 hr at 30C. Peptide identification was performed as previously
described (Frese et al., 2011). Raw data files were manually analyzed
using Thermo Xcalibur 2.1. Qual Browser was used for sequence coverage
analyses and to determine the position of the posttranslational modifica-
tion. All LC-MS/MS data were validated by at least three independent
experiments.Construction of Stable Cell Lines and Luciferase Assay
T-REx 293 cells (Invitrogen) were grown according to the manufacturer’s
instructions. The lpp1683WT gene was amplified from genomic DNA (primers
Table S3), cloned into pCDNA4-TO with the addition of a GAL4 DBD, and sta-
bly transfected in T-REx 293 cells containing a stably integrated 5XGAL4RE-
tk-Luc-neo construct (Li et al., 2010). Individual clones were selected with
Zeocin (300 mg/ml), and expression levels of the fusion GAL4-RomA and
GAL4-RomA-CI were assessed bywestern blot after 8 hr of doxycycline induc-
tion at 1 mg/ml (Sigma-Aldrich). Luciferase reporter activities were measured in
whole-cell lysates using Luciferase Assay System (Promega) and FLUOstar
OPTIMA BMG Luminometer.ChIP Experiments
Chromatin immunoprecipitation (ChIP) experiments were undertaken as
previously described (Li et al., 2010). DNA enrichment was followed by
quantitative PCR (qPCR) with the primers listed in Table S3 and normalized
using the Percent Input Method (ChIP signals divided by input sample
signals).ChIP-Seq, Peak Calling, and GO Analyses
ChIP-seq libraries were prepared according to the Illumina protocol. The
FASTQ data sets (control and sample) were mapped on the human genome
sequence build 37 (hg19, GRCh37, February 2009) using bowtie (Langmead
et al., 2009) configured to remove nonuniquely mapped reads. Peak calling
was carried out using MACS 1.4. All genes with MACS peaks around the tran-
scription start site (TSS) (2000/+2000 nt) were reported. The 4,870 genes
identified by the ChIP-seq analyses were filtered for overlapping promoter
regions and analyzed for GO term enrichment using DAVID clustering analysis
(Huang et al., 2009).RNA Isolation and qPCR
RNA extraction was performed with RNeasy kit (QIAGEN). Reverse tran-
scription: 1 mg RNA using reverse transcriptase and oligo(dT)15 primers
(Fermentas). qPCR primers (Table S3) were designed at the ends of two
adjacent exons spanning a large intron section to avoid genomic DNA
amplification. qPCR was performed with SYBR Green Master Mix. Values
of relative induction were calculated by group-wise comparisons of
induced versus control samples. Results were normalized using the human
GAPDH gene.404 Cell Host & Microbe 13, 395–405, April 17, 2013 ª2013 ElsevierSUPPLEMENTAL INFORMATION
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